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ABSTRACT Antarctic notothenioid fishes and several
northern cods are phylogenetically distant (in different orders
and superorders), yet produce near-identical antifreeze gly-
coproteins (AFGPs) to survive in their respective freezing
environments. AFGPs in both fishes are made as a family of
discretely sized polymers composed of a simple glycotripep-
tide monomeric repeat. Characterizations of the AFGP genes
from notothenioids and the Arctic cod show that their AFGPs
are both encoded by a family of polyprotein genes, with each
gene encoding multiple AFGP molecules linked in tandem by
small cleavable spacers. Despite these apparent similarities,
detailed analyses of the AFGP gene sequences and substruc-
tures provide strong evidence that AFGPs in these two polar
fishes in fact evolved independently. First, although Antarctic
notothenioid AFGP genes have been shown to originate from
a pancreatic trypsinogen, Arctic cod AFGP genes share no
sequence identity with the trypsinogen gene, indicating
trypsinogen is not the progenitor. Second, the AFGP genes of
the two fish have different intron-exon organizations and
different spacer sequences and, thus, different processing of
the polyprotein precursors, consistent with separate genomic
origins. Third, the repetitive AFGP tripeptide (Thr-Ala/Pro-
Ala) coding sequences are drastically different in the two
groups of genes, suggesting that they arose from duplications
of two distinct, short ancestral sequences with a different
permutation of three codons for the same tripeptide. The
molecular evidence for separate ancestry is supported by
morphological, paleontological, and paleoclimatic evidence,
which collectively indicate that these two polar fishes evolved
their respective AFGPs separately and thus arrived at the
same AFGPs through convergent evolution.

Various polar and north-temperate marine teleosts had
evolved a total of four structurally different types of antifreeze
protein, which enabled them to survive and successfully col-
onize their respective icy, freezing (—1.9°C) habitats (1-4).
Surprisingly, phyletically related fishes do not necessarily
possess the same type of antifreeze protein (5, 6) or vice versa
for unrelated fishes (7). The most striking example of evolution
of the same type of antifreeze protein in unrelated fishes is the
near-identical antifreeze glycoproteins (AFGPs) in the Ant-
arctic notothenioid fishes and several northern cods of the
family Gadidae (8, 9). Antarctic notothenioids are modern
perciforms in the superorder Acanthopterygii, while northern
cods are gadiforms in the less phyletically derived superorder
Paracanthopterygii (10). AFGPs in both fishes comprise a
family of at least eight size/compositional isoforms all com-
posed of a simple glycotripeptide repeat, (Thr-Ala/Pro-Ala),,
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with each Thr O-linked to the disaccharide, galactosyl-N-
acetylgalactosamine, and n = 4 to = 55 (1-4, 8, 9). AFGPs of
cods differ only in the presence of an occasional Arg-for-Thr
substitution (8, 11).

Notothenioid AFGPs are encoded by a large gene family,
and each member gene encodes a large polyprotein precursor
containing many AFGP molecules (as many as 46) linked in
tandem by highly conserved tripeptide spacers (Leu/Phe-Ile/
Asn-Phe), which are cleaved posttranslationally to produce the
mature AFGPs (12, 13). Notothenioid AFGP genes have
recently been discovered to evolve from a trypsinogen gene
through recruitment of segments of the trypsinogen sequence,
plus de novo amplification of a 9-nt Thr-Ala-Ala coding
element from the trypsinogen progenitor, to form a new
coding region for the repetitive tripeptide backbone of AFGPs
(12). No studies of the AFGP genes of northern cods have been
reported to date. To determine how northern cod AFGPs are
encoded and how two unrelated fish taxa arrive at essentially
the same AFGP molecules, we have characterized the AFGPs
and AFGP genes from the Arctic cod Boreogadus saida
(Svalbard, Norway) and compared them to those of the
Antarctic notothenioid Dissostichus mawsoni (McMurdo
Sound, Antarctica).

MATERIALS AND METHODS

Purification and Analysis of AFGPs. AFGPs were purified
from B. saida and D. mawsoni plasma by DEAE-cellulose ion
exchange chromatography (8). Purified AFGPs were fluores-
cently labeled and electrophoresed on a 15-20% nondenatur-
ing, gradient polyacrylamide gel (8) for size heterogeneity
comparison. Amino acid compositions of AFGPs were ana-
lyzed at the Biotechnology Center (University of Illinois).

D. mawsoni AFGP Gene Characterization. Genomic library
construction and screening, and subcloning and sequencing of
AFGP gene sequences were carried out as reported (12).

B. saida AFGP Gene Characterization. A partial library
enriched for AFGP sequences was constructed for B. saida.
Spleen DNA was completely digested with Mbol, and a cluster
of AFGP-positive (to Nc-AFGP probe, a 3.3-kbp Pst1 AFGP
gene fragment from Notothenia coriiceps; ref. 13) fragments
between 1 and 4 kbp were recovered from 0.7% low-melting
agarose gel (see Results) and cloned into the X#hol site of the
insertion phage vector AZAPExpress (Stratagene). Phagemid
(pBK-CMV) subclones were excised from the recombinant
phages with the ExAssist helper phage (Stratagene) and
screened by colony hybridization (14) with the Nc-AFGP
probe. Nested sets of unidirectional deletions of the inserts of
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three positive subclones were generated using exonuclease 111
(14) and sequenced.

Northern Blot Analysis of B. saida AFGP mRNA. B. saida
liver total RNA was extracted with Ultraspec RNA Isolation
Reagent (Biotecx Laboratories, Houston). Poly(A) " RNA was
isolated from total RNA with the PolyATtract mRNA Isola-
tion System (Promega), resolved on 1.2% agarose/2 M form-
aldehyde gel, vacuum-blotted onto nylon membrane, and
hybridized at 60°C to a B. saida AFGP gene probe (from clone
Bs3-1; see Results).

B. saida cDNA Characterization. The 5’ portion of a B. saida
AFGP cDNA was obtained by 5" RACE (Rapid Amplification
of cDNA Ends System, CLONTECH) of liver poly(A)* RNA,
using the 5" anchor primer (provided by the system) and an
AFGP-specific primer for amplification. The amplified cDNA
was cloned into the plasmid pCRII (TA Cloning Kit, Invitro-
gen) and sequenced.

Southern Blot Analyses of Genomic DNA. B. saida and D.
mawsoni genomic DNA was completely digested with Mbol,
resolved on 1% agarose gel, vacuum-blotted onto nylon mem-
brane, and hybridized at 60°C to the Bs3-1 and D. mawsoni
AFGP gene probe, respectively.

RESULTS

Fig. 1 and Table 1 illustrate the similarities at the protein level
between the AFGPs of the Antarctic notothenioid D. mawsoni
and the Arctic cod B. saida. The AFGP size isoforms from the
two fishes are shown in Fig. 1. Size heterogeneity for the
smaller AFGPs 6-8 is identical between the two fishes as
indicated by the same number of bands and their identical gel
mobilities. The larger sizes, AFGP5 and above, show more
variability; the largest AFGP of B. saida is smaller than that of
D. mawsoni, corresponding to the size of an AFGP3 in the
latter (Fig. 1). AFGP6, which was originally detected as a single
size in the notothenioids (1, 2), in fact comprises at least six
sizes of isoforms on enhanced staining and gel resolution
methods. Similarly, there are more than five isoforms in the
large AFGP1-5 size group (Fig. 1). Amino acid analyses of B.
saida AFGPs show the presence of the three residues of the
tripeptide repeat—Ala, Pro, and Thr—plus a small amount of
Arg in all sizes (Table 1). The large AFGP1-5 has the highest
Arg content of the three size groups, plus a small amount of
Val not found in the others. The stoichiometry of non-Thr
(Ala, Pro) to Thr residues for all the sizes is about 2:1 after
accounting for the AFGP N terminus dipeptide, Ala/Pro-Ala.

The contiguous sequence (2070 nt) of one of the Arctic cod
AFGP genes characterized (subclone Bs3-1) is shown in Fig.
2A. A partial AFGP cDNA (208 nt) corresponding to the 5’
portion of the gene was obtained by 5" RACE and aligned with
the genomic sequence to delineate the exon—intron structure
of that region (Fig. 24). The gene has three exons and two
small introns shown schematically in Fig. 3. Intron 1 intervenes
in the 5’ flanking sequence (82 nt, —127 to —45), and intron
2 intervenes in the signal peptide coding region (69 nt, +4 to
+72). Exon 1 encodes part of the 5’ untranslated region (UTR)
(81 nt, —208 to —128), exon 2 encodes the remaining 5" UTR
and the translation start (47 nt, —44 to +3), and exon 3
encodes the signal peptide and the AFGPs (1518 nt, +73 to
+1590). The signal peptide is 33 residues in length by assigning
the putative cleavage site at residue 33 (Arg, nucleotides +166
to +168). The uninterrupted AFGP coding region (+169 to
+1590) that follows encodes a large AFGP precursor contain-
ing 156 consecutive tripeptide repeats; 136 are T-A/P-A
(Thr-Ala/Pro-Ala) and 20 are R-A-A (Arg-Ala-Ala), plus 3
additional C terminus residues, Ala-Val-Phe. The occurrence
of R-A-A leads to the periodic placement of an R or R-A-A-R
(Fig. 2A4). The mature AFGPs have much less Arg (0.6-1.2%;
Fig. 1) than in the AFGP gene sequence (7.5%), suggesting
that some of the Arg residues act as cleavable spacers. Thus,
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AFGP1-5—
2AFGP5
AFGP6— — AFGP6
_ |
AFGP7 — — AFGP7
AFGP8 — — AFGPS8

Fi1G. 1. Polyacrylamide gel of fluorescently labeled AFGPs from
Antarctic notothenioid D. mawsoni (Dm) and Arctic cod B. saida (Bs)
and the amino acid compositions of the three size groups of Arctic cod
AFGPs. The two polar fishes show comparable size heterogeneity,
especially in the range of AFGPs 6-8.

the AFGP precursor is a polyprotein, and if all the Arg are
cleaved, 13 mature AFGP molecules will be produced, ranging
in size from AFGP7 (5 tripeptide repeats) to 1 molecule in the
size range of AFGPS5 (20 repeats).

For comparison, Fig. 2B shows the sequence (3834 nt) of an
AFGP gene (subclone Dm3L) from the Antarctic notothe-
nioid, D. mawsoni. The gene has two exons and a single large
intron shown schematically in Fig. 3. The intron (1908 nt)
intervenes in the signal peptide coding region (+41 to +1948),
and carries a stretch of repetitive (gt), sequence at its 3’ end,
characteristic of notothenioid AFGP genes (12, 13). Exon 1 (67
nt, +1 to +67) encodes a 27-nt 5’ UTR and most of the signal
peptide (13 residues), and exon 2 encodes the remainder of the
signal peptide (6 residues; cleavage site tentatively assigned at
the Thr encoded by +1963 to +1965) and the AFGP polypro-
tein. The encoded AFGP polyprotein (+1966 to +2994)
contains 21 molecules of AFGPs ranging from sizes smaller
than AFGPS (two to three tripeptide repeats) to AFGP6 (six

Table 1. Amino acid composition (mol %) of the three AFGP
size groups from B. saida

Size group Ala Pro Thr Arg Val
=AFGP5 67.0 12 29.8 12 0.8
AFGP6 61.0 12.3 26.1 0.6 —
AFGP7.8 58.6 14.1 26.6 0.7 —
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A. Bs3-41 Gem\mic -208 GATCCAACCGGTTCAAGTTGCCTTGATTTCCACTTCAAGAATAACTACTACACTC
5'

-153 CAAAGCZTCCATGGCATTTCTAATAAGgtgatttgtttattttgtagttctttactcagtgattaatcagtggcatggacttaatgccttacttaaaatgtatctacagGGTACTGCAATTgACTCTACTACTTGCTGTGGGTTCTCAAGTAC
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28 P A A A AR AT PATAATPATAATPATAATAATEATAATA AT A AT
151 CCAGCCGCTGCAGCCAGAGCAGCCACTCCAGCAACAGCGGCAACCCCAGCAACAGCGGCAACTECGGCTACTGCGGCCACTGCAGCAACAGAAGCCACAGCAGCAACAGCGGCAACTCCAGCAACAGCGGCAACTCCGGCTACAGCGGCAACT

79 AAT T AAT AATAATAATTEPARIAARAAT®PATAATPATAATAATAATAATATETTP A
304 GCGGCAACAACAGCAGCCACTGCAGCCACAGCAGCCACAGCAGCAACTCCAGCAAGGGCAGCA%G&GCAGCCACTCCAGCAACAGCGGCAACTCCAGCAACAGCGGCCACAGCCGCCACAGCCGCCACAGCAGCCACAGCAGAAACTCCAGCA
130 :R A T P A A AT P AT A A P AT T A A A A A A
457 AGAGCAGCCACTCCGGCAACGGCGGCAACTCCAGCAACAGCGGCAACTCCGGCTACAGCGGCTACAGCGGCAACTGCGGCAACATCAGCCACAGCAGCAACTGCAGCA

181 T A A

610 ACAGCGGCAKGAGCAGC
232 T AR A R AT PATAATLATAAT

763 ACTCCAGCAACAGCGGCAACTCCGGCAACAGCGGCTACAGCAGCCACTGCACCCACAGCAGCAACTCCAGCA#GAGﬁABCAAGAGCAGCCACTCCGGCAACAGCGGCAACTCTAGCAACAGCGGCAACTCCGGCCACTCCGGCAACACCGGCC
283 T AA T D AT AATA AR A AT P AT PATAATPAT®PATAATAATAATAATARAT A

916 ACTGCCGCCACTGACGCCACAGCCGCCACAGCAGCAACTCCAGCAAGAGCAGCCACTCCGGCAACTCCAGCAACAGCGGCAACTCCGGCCACTCCGGCTACAGCGGCAACTGCGGCAACAGCAGCCACTGCCGCCACAGCAGCAACTCCAGCA

AT P ATAAT P ATEP A
GCAGCCACTCCAGCAACAGCGGCAACTCCGGCCACTCCGGCA

A TP ATAATAA A A A A A AT AATAA (4 A A
‘GCAGCCACTCCAGCAACAGCGGCTACAGCGGCAACAGCAGCCACTGCCGCCACAGCAGCCACCGCCGCCACTGCAGCCACAGCAGCAACTCCAGCAAGAGE&GCAAGAGCAGCCACTCCAGCAACAGCGCCA

AT A A AT A A
GAGCAGCCACTCCAGCAACAGCGGCTACAGCAGCC

334 AT P ATAATPATAATAA A AT A A A A A
1069 A GCAGCTACTCCGGCAACAGCGGCTACTCCGGCTACAGCAGCCACTGCCGCCACTGCCGCCACAGCAGCCACAGCAGCCACAGCAGCAACTCCAGCA’

385 A A
1222 ACAGCAGCCACCGCCGCCACTGCAGCCACAGCAGCAACTCCAGCAAGAG

436 A AT A AAT AP T P A
1375 ACCGCCGCCACTGCCGCCACAGCAGCAACAGCACCAACTCCAGCA

487 i R S T AT PV T A A P A AV FTer

1528 A AGCATCCACTCCGGCCACAGCAGCCACCCCAGTCACAGCAGCCACACCAGCAGCAGTCTTCTAGCTACCAGCCCCATTAGAAATGGCAGCAGCAGTCTCCTTGCTACAAGCAGGTTGACTTGTTAACTACTCTCCTTATTTCATATGTCTC
1681 AGGCAAAATAATAAAATCATAAATTTCAAACTGTCTGTTTATTGTATAGAAGCTAGTCTGAATGCCAGCAGTTGCCAGAAAATTACCAGAACTGCATTTTAATTGGCTCAAAATGCCATTTCAGAATAGCAGGATACTCCTCCTCCTCTAGTA
1834 GGAGATGCTTTTTTTTTTTTTTATTATCC

R A P P A AT TAATAATAA
AGAGCAGCCACTCCGGCAACTCCGGCAACTCCGGCAACTCCGGCAACTCCGGCAACAGCEGCAACAGCGGCCACTGCAGCCACTGCAGCCACTGCCGCC

A AT PATGAT®PATAPTAGTAATAATAATAATEPA
AGCAGCGACTCCGGCAACAGGAGCCACTCCGGCCACAGCGCCGACAGCGGGGACTGCTGCCACAGCGGCCACAGCGGCAACAGCAGCAACTCCAGCA

B. Dm3L

-247 GTGTTGCGCTACGATTGGGAAGAAGTGGGCAAACACAAAATGAGGAGTGTGATAAGAAAGTACATTTGGTTTGTTACTGAGTGCCAAGACTGTG
-153 AGGACACAGATTGGGTCAAGAGAAATAGGGGGGAGAGGAGAGGAGGAGGCGGGGGGGCGGTCAGGTGAGGGGGACGAGCACTGTGGGGCTGCTGGGATATAAATTTGAGCCGAGGTGTGTGTCCAGGAGTCTTCTGAACATTCACCTGACACC

M K L L AL L L LT G AA AV T VvV A TYA AT A
ATGAAACTCCTGGCTCTGCTGCTGCTGATCGGAGCTGCTGgtaaatacacagtaat —— (intron sequence 1908 nttotal) ——gtgtgtgtgtctgtgtgtgtctgtgtgtgtgaaaaagCTGTAACAGTTGCAACAGCTGCAACAGCT

——

24 AT P AT A AT P AJL I FIAATAATPATAATPAILI FIAATAATAAT®PATPAIL N FIA AT A
1978 GCAACACCTGCAACAGCTGCAACACCTGCATTGATTTTTGCTGCCACAGCTGCAACACCCGCAACAGCGGCAACACCTGCATTGATTTTTGCTGCAACAGCTGCAACAGCGGCTACCCCTGCAACACCTGCAT TGAATTTIGCTGCAACAGCT

75 AT P A T A A T P AIL N LIA A T A A T P AT A AT P A|L I FIA AT A AT P AT A AL T FIJA A T A AT A
2131 GCAACACCTGCAACAGCTGCAACACCTGCATTGAATTTGGRCTGCTACAGCGGCAACCCCTGCAACAGCGGCAACACCTGCATTGATTTTTRCTGCAACAGCGGCAACCCCTGCAACAGCTGCATTGATTTTTRCAGCAACAGCTGCAACAGCG
126 AT P A T A A|JF N FIA AT A AT P AT AATPAILIFIAATAAT®PATT®PA[LNTFIATAATAATP A
2284 GCAACCCCTGCAACAGCTGCATTTAATTTTIGCTGCAACAGCGGCAACCCCTGCAACAGCAGCAACACCTGCATTGATTTTTGCAGCAACAGCGGCAACCCCTGCAACACCTGCATTGAATTTTIGCGACAGCTGCAACAGCGGCAACCCCTGCA
177 T P _AJL I FIA A T A AT A AT AATP AT P A|ILNFIA AT AATP ATPA|ILI FIA ATAATPATAA
2437 ACACCTGCATTGATTTTTGCGGCAACAGCTGCAACAGCTGCAACAGCGGCAACCCCTGCAACACCTGCATTGAATTTTIGCTGCAACAGCGGCAACCCCTGCAACACCTGCATTGATTTTTRCTGCAACAGCGGCAACACCTGCAACAGCTGCA
228 T P AJL N FIA AT A A TP AT AATPA|LNTFIAATAATAAT P A|ILI FIAATAATAATT®PA[F NF
2590 ACACCTGCATTGAATTTTGCTGCAACAGCGGCAACCCCTGCAACAGCTGCAACACCTGCATTGAATTTTIGCTGCCACAGCTGCAACAGCGGCAACACCTGCATTGATTTTTGCTGCAACAGCGGCAACAGCTGCAACACCTGCATTTAATTT
279 A A T A A T P A T A A T P A|JF N FIA A T A A T P A T A AT P AL I FIA A T A AT A AT P AT A AIF N _F
2743 GCTGCAACAGCGGCAACCCCTGCAACAGCTGCAACACCTGCATTTAATTTTGCTGCCACAGCTGCAACACCTGCAACAGCGGCAACACCTGCATTGATTTTTIGCAGCAACAGCTGCAACAGCGGCAACCCCTGCAACAGCAGCATTTAATTT

330 AAT A AT P AL I FIV AT P AT AATAATAATAATAAR GTer

2896 GCTGCAACAGCGGCAACACCTGCATTGATTTTTRTTGCAACACCTGCAACAGCGGCAACAGCGGCAACAGCTGCAACAGCGGCAACAGCGGCAAGAGGGTGACTCCGGCAGCCCTCTGGTGTGTGTGAGAGGCAAGGTCACGGCCTGGTTTCA
3049 TGGGGTCAGGATGTGCAGAGTTAAACTATTTCGTGGACTACGTCAAACTGTGTGAGTTCCACTCCTGGTTTGTTGTGGTCCTGGTAGCCAATCCCTAAAGAAATTACCAGTTTATTTTCTTCACTTCTCCCACTGGTTCACAGCCCTGGTTTT
3202 TATTTTTCTGTCTTCTCTCTGGTGCCAATCAAGACTCTTAACACACATGTGCCAGAATGT TGAAAACTAAATAAAATCACTTGTTATTCTCTTGTCTGTTCATGTCTATAATGTGAAAACATAACCCAATCACTTACGCTCAAGTCTGTGTTA
3355 GGTACAGGTTTATGTATTTGATTTAGTATCATTTAAGACAGT T TGATGGAGCTATATCGCTTTGATATACAGTAGAGGGTTTAAAAGCTGTTATAAGGAACATATTCATGGTATGGGTTAAACAGTGAGGTAGCACATTCTCTCCCCATGCAT
3508 GTGATAGCCCCCTTCCTTTTTTCATAAGGGTTAGGGTTATAATGTCAAGCATTTCAATAATTTCCATTTTTTAAGGGGGG

F1G. 2. Nucleotide sequence of an AFGP polyprotein gene and the encoded amino acids from B. saida subclone Bs3-1 aligned with a 5" AFGP
c¢DNA (A), and D. mawsoni subclone Dm3L (B). Dots represent identical nucleotides between the B. saida AFGP gene and cDNA sequences. The
introns are shown in lowercase letters. The distinct spacer sequences linking multiple AFGP sequences are indicated in shaded boxes (Bs3-1) or
open boxes (Dm3L). v, Putative cleavage site for the signal peptide in both genes. The underlined sequences in Dm3L (B) are regions that share
high sequence identities with notothenioid trypsinogen gene (12); not all of the similar intron sequence is shown.

repeats), linked in tandem by the conserved three-residue UTRs and the polyA tail), which is consistent with the gene
spacers, L/F-I/N-F/L (Leu/Phe-Ile/Asn-Phe/Leu). The being transcribed and translated as a polyprotein. The intense
three regions of sequence identity (93-96%) to D. mawsoni 1.8-kb band in fact may comprise the messages of similarly
trypsinogen gene (12) are underlined (Fig. 2B). sized AFGP genes contained in the cluster of positive Mbol

Northern blot analysis of Arctic cod liver poly(A)* RNA restriction fragments between 2.5 and 3.5 kbp in the genomic

revealed multiple AFGP messages in the size range of 0.5-7 kb Southern blot (Fig. 4B); Mbol does not cleave within the AFGP
(Fig. 44). The most abundant size, 1.8 kb, approximates the coding sequences of Bs3-1 and other Arctic cod AFGP genes
estimated size of the mRNA for Bs3—-1 AFGP gene (1.5 kb plus (unpublished data) or notothenioid AFGP genes (12, 13), and

47 69

81 g5
El 1§ E2 2 E3 1518

AFGP polyprotein coding sequence —3

MLTGSCLLGPSCTSSPRYEQHQLLVARPAAAARYAATPAT. ..
MKLLALLLLIGAAAVTVATYAATAAT. ..

vy ! AFGP polyprotein coding sequence —_3
i / EZ 109
67 (gt

F1G. 3. Exon-intron organizations of B. saida and D. mawsoni AFGP genes, showing also the dissimilar signal peptide sequences of the two
AFGP polyproteins. The coding region for the signal peptide in each gene is indicated by the shaded areas. v, Putative cleavage site for the signal
peptide.

Dm3L &
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1.35 — '
3.0 —
k]

23 — .

0.24 — 20 —

1.6 —

FiG. 4. (A) Northern blot of liver poly(A)™ RNA from Arctic cod
(Bs) showing multiple AFGP messages. <, Predominant 1.8-kb
mRNA. (B) Southern blot of genomic DNA digested with Mbol from
D. mawsoni (Dm) and B. saida (Bs) showing AFGP multigene family.
Bracket indicates the range of DNA fragments recovered for con-
struction of B. saida partial genomic library.

thus the positive bands contain complete genes. The multiple
positive bands in the genome of Arctic cod and Antarctic
notothenioid fish indicate the presence of an AFGP multigene
family, with that of the notothenioid being much larger (Fig.
4B).

DISCUSSION

Antarctic notothenioid fish and northern cods are phyletically
distant (10) but synthesize near-identical AFGPs (refs. 1-4, 8,
9, and 11; Fig. 1). For the Arctic cod, B. saida, the stoichiom-
etry of Ala/Pro to Thr residues of about 2:1 for all its AFGP
size isoforms (Table 1) is consistent with the presence of
monomeric tripeptide repeats in the protein backbone. The
percentage of Pro is very low in the large AFGPs (=AFGP5),
but 10-fold higher in the small AFGPs 6-8 (Fig. 1). This is
similar to notothenioid AFGPs, in that Pro-for-Ala substitu-
tions occur in the small AFGPs 6-8, and the large AFGPs 1-5
consist of predominantly Thr-Ala-Ala repeats (1, 2, 15). The
only obvious difference between the two groups of AFGPs is
that a small amount of Arg is present in Arctic cod AFGPs, as
it is for the AFGPs of other northern cods (8, 11). In Alaskan
saffron cod (8) and Atlantic tomcod (11), Arg is found to
substitute Thr. The carbohydrate moiety in all cases was found
to be the same disaccharide, galactosyl-N-acetylgalactosamine
(1,8,9, 11, 15). In terms of size heterogeneity, D. mawsoni and
B. saida have identical AFGPs 6-8 (Fig. 1). Variation is seen
in the larger sizes (=AFGP 5) only (Fig. 1), which is not
unexpected as it is also seen between different genera (16, 17)
and among individuals of the same species (17) of notothe-
nioids. Thus, except for the presence of small amounts of Arg,
the primary structures of AFGPs of notothenioids and B. saida
and other northern cods are indistinguishable.

AFGP genes of Arctic cod (Fig. 24) and notothenioids (refs.
12 and 13; Fig. 2B) both have a polyprotein structure in the
AFGP coding region and encode many copies of AFGP linked
in tandem by small cleavable spacers. For both fish taxa, the
large sizes of the AFGP messages (ref. 13; Fig. 44), sequences
of AFGP cDNAs (ref. 12; unpublished data), and the absence

Proc. Natl. Acad. Sci. USA 94 (1997)

(notothenioid) or reduced number (Arctic cod) of spacer
residues in the mature AFGPs indicate that their respective
AFGP genes are transcribed and translated into large polypro-
teins that are posttranslationally cleaved. The near-identical
AFGP protein structures from the two fishes have led to
suggestions of a common ancestor (18), and the apparent
similarities in their AFGP genes appear to support such an
argument. However, detailed analyses of the gene substruc-
tures and nucleotide sequences, discussed below, provide
strong evidence that a common ancestry for these two AFGP
gene families is in fact very unlikely.

Notothenioid AFGP genes have been shown to have evolved
from a pancreatic trypsinogen gene (12) and, in fact, inherited
trypsinogen exon 1 (5" UTR and signal peptide coding se-
quence) and intron 1, as well as utilized trypsinogen exon 6
(coding sequence of the 50 C terminus residues plus 3' UTR)
as 3’ UTR. The sequence identity in these regions is very high,
93-96% in all characterized notothenioid AFGP genes (12). By
contrast, nucleotide sequences of these regions in the Arctic
cod AFGP gene are entirely different from those of the
notothenioid AFGP gene. The signal peptide of Arctic cod
AFGP polyprotein is entirely different and substantially longer
in protein sequence from that of notothenioid AFGP polypro-
tein (33 vs. 19 residues; Fig. 3). Also, Arctic AFGP gene
sequence shares no similarity at all with the trypsinogen cDNA
sequence of the closely related Atlantic cod (same family),
Gadus morhua (19). Thus, Arctic cod AFGP gene is unrelated
to notothenioid AFGP gene or trypsinogen gene, and very
likely arose from a different genomic locus.

Besides sequence differences, the intron—exon boundaries
and structures are different for the AFGP genes from these
two polar fishes (Figs. 2 and 3). Arctic cod AFGP gene
contains three exons and two small introns—intron 1 (82 nt)
intervenes in the 5 UTR and intron 2 (69 nt) separates the
translational start (Met codon) from the rest of the signal
peptide (Figs. 2 and 3). Notothenioid AFGP genes contain a
single large intron (1.9 kbp) with the same splice junctions as
the first intron of the trypsinogen gene, which separates the
small exon 1 (most of signal peptide) from the large exon 2
(remainder of signal peptide and AFGP polyprotein) (ref. 12;
Figs. 2 and 3). Intron-exon boundaries generally remain
identical among homologous genes, even in widely divergent
organisms, as exemplified by the highly conserved three exons/
two introns structure of insulin genes from hagfish to human
(20). The boundaries of the six exons and five introns of the
trypsinogen gene of the Antarctic notothenioid D. mawsoni
(12) are conserved in rat trypsinogen (21) except for the loss
of the small intron 3 (117 nt), which linked exons 3 and 4 as one
exon in rat. The distinct dissimilarity of the intron—exon
organizations of the Arctic cod and notothenioid AFGP genes
indicates the two genes are not homologous.

Within the AFGP polyprotein coding region, two significant
differences, the spacers and the AFGP tripeptide coding
sequences, argue strongly for different ancestry. The spacers of
notothenioid AFGPs are the highly conserved three residues,
Leu/Phe-Ile/Asn-Phe, cleavable by a chymotrypsin-like pro-
tease (12, 13). The most frequent spacer, Leu-Ile-Phe (50%,
10/20 in Dm3L), is encoded as ttgattttt (Fig. 2B). The noto-
thenioid spacer sequences probably adjoined the primordial
AFGP sequence, and the two became amplified together to
give rise to the polyprotein structure. By contrast, the spacers
in Arctic cod AFGPs are Arg, which require a different
protease, presumably trypsin-like. These Arg are almost ex-
clusively encoded by aga (95%, 20/21 in Bs3-1) and always
replace a Thr in the tripeptide repeats, and thus very likely
arose from the mutation of a Thr of one of the repeats by a 1-nt
transversion of aca to aga (45% of Thr encoded by aca in
Bs3-1), and became a cleavage site. Not only are the origins of
the spacers of the AFGP genes from the two fishes very likely
different, the sequences of the spacers are so distinct it is
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inconceivable that one could be converted to the other through
divergence of a common ancestral element. Nor is it logical
that the processing (the protease involved) of the AFGP
polyproteins of the two fish should be reinvented once they had
come from a common ancestral molecule.

The highly repetitive tripeptide coding sequences in AFGP
polyprotein genes suggests that extensive duplications of a
primordial short sequence gave rise to both groups of AFGPs.
If the duplication events were sufficiently recent, one can
expect the nucleotide sequence of the duplicants to closely
resemble that of the ancestral short sequence. This is indeed
the case for the notothenioid AFGPs. Striking sequence
similarity exists between the appropriately located candidate
ancestral 9-nt coding element in trypsinogen gene, aca(Thr)-
gcg(Ala)-gca(Ala) (12), and the coding sequences of the
tripeptide repeats in AFGP genes, which, for the Dm3L AFGP
gene, have the composition of aca(85% of Thr)-gcg/gct(39%/
55% of Ala)-gca(95% of Ala). A 1-nt substitution at the first
Ala codon, from gct to cct, would give rise to the substitution
of the first Ala by Pro seen in the protein. The Pro codons in
the Thr-Pro-Ala repeats in Dm3L AFGP gene are almost
exclusively cct (97%). The same patterns of sequence similar-
ities are seen in other notothenioid AFGP polyprotein genes
(12, 13).

By contrast, the repetitive tripeptide coding sequences in the
Arctic cod Bs3-1 AFGP gene have a very different composi-
tion, aca/act(45%/42% of Thr)-gca/gcg(51%/30% of Ala)-
gca/gec(53%/37% of Ala). One of the codons at each of the
three amino acid positions (underlined) is either rarely or
never used for the corresponding amino acid in notothenioid
AFGP genes. The substitution of the first Ala by Pro likely
resulted from a 1-nt substitution, changing gca/gcg to cca/ccg,
as indicated by the frequency and composition of the Pro
codons (cca/ccg, 50%/48%) in the Thr-Pro-Ala repeats en-
coded in the gene. None of the Pro is encoded by cct, which
is the exclusive Pro codon in notothenioid AFGP genes (97%
in Dm3L). The roughly equal usage of two particular codons
for each of the three residues in the Thr-Ala/Pro-Ala repeats
suggests that the primordial AFGP short sequence that be-
came amplified might have consisted of two tripeptide repeats.
Thus, besides the lack of evolutionary relatedness of Arctic cod
AFGP gene to trypsinogen and notothenioid AFGP genes
based on complete sequence dissimilarities in the signal pep-
tide and UTR coding regions, the marked sequence differ-
ences within the AFGP coding regions of the two fishes
provide additional support for separate genomic origin.

It could be argued that the extent of sequence dissimilarity
observed between Antarctic notothenioid and Arctic cod
AFGP genes is possible if they had diverged from a common
ancestral AFGP sequence a very long time ago. However, this
argument is not supported by molecular evidence or paleocli-
matic data of the polar regions, which indicate that the
evolution of AFGPs in both groups of fishes are recent and
separate events. In the case of notothenioids, the very small
amount of sequence divergence (4-7%) between AFGP and
trypsinogen genes (especially in the intron sequences (7%),
which are under no constraint to be conserved) translates into
a divergence time of about 5-14 million years (12). Evolution
of AFGPs during this time frame coincides remarkably well
with the estimated mid-Miocene time frame [10-14 million
years ago (mya)], during which the Antarctic Ocean cooled to
freezing temperatures based on oxygen isotopic ratios of
planktonic sediments (22-24). It also coincides well with the
placement of the main phyletic radiation of the five AFGP-
bearing Antarctic notothenioid families at about 7-15 mya,
based on mitochondrial rRNA gene sequences (25). Although
the time of AFGP evolution in the northern cods cannot be
estimated by the rate of sequence divergence because its
genomic origin is currently unidentified, paleoclimatic data
indicate that the driving force for its AFGP evolution (i.e., the
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glaciation of the northern hemisphere and the freezing of the
North Atlantic and North Pacific oceans) occurred much later,
at about late Pliocene (2.5 mya) (26, 27), indicating that AFGP
evolution in boreal cods was a more recent and separate event.

Before the glaciation of the polar regions, antifreeze protein
would not be needed for survival in the ancestral stocks of the
Antarctic notothenioids and northern cods. The divergence
time of notothenioids and gadoids (cods) is not clear, but based
on the gadiform fossils (28) and a notothenioid skull (29)
identified from the same late Eocene (40 mya) deposits on
Seymour Island in the Antarctic Peninsula (30), they diverged
at least 40 mya, at a time when the Antarctic Ocean was
significantly above freezing (5-7°C) (22-24), and the world’s
oceans were much warmer (23). In addition, it has been widely
accepted that the two fish taxa bear morphological differences
at higher taxonomic levels and thus do not share a recent
common ancestor (10, 31). Gadiforms are in fact believed to
have evolved in the Northern Hemisphere (32), whereas
notothenioids evolved in the Southern Ocean, and the modern
notothenioid fauna is endemic to the Antarctic regions with no
northern representatives (33, 34). The morphological, paleon-
tological, and paleoclimatic evidence are consistent with the
two fish taxa having diverged before antifreeze protein was
needed, and thus they would not have inherited a common
ancestral AFGP sequence and must have evolved their respec-
tive AFGPs independently.

The molecular evidence from the AFGP genes of the
Antarctic notothenioids and Arctic cod in this study, in
conjunction with other supporting evidence, argues strongly
for convergent evolution of AFGPs from independent
genomic loci and at different paleo time points. The similar
polyprotein AFGP gene structures of these two unrelated
polar fishes arose not from the descent from a common
polyprotein progenitor gene, but from the tendency for short
repetitive sequences to undergo expansion through slippage
replication (35) and unequal crossing-over (36), especially
under strong selectional pressure provided by the subzero
polar oceans. However, the selection of an appropriate per-
mutation of three codons that gave rise to the same mature
glycotripeptide gene product capable of ice binding might not
be fortuitous, but the selection was likely shaped by the
structural specificity required for antifreeze ice interaction to
take place. Antifreeze adsorption to ice involves a matching
between the repeat spacing of hydrogen bonding moieties of
the antifreeze molecule and the periodicity of water molecules
in the ice lattice (4, 37). AFGPs have been found to adsorb to
very specific faces (the prism planes) and align in specific
directions (parallel to a axes) in ice crystals through a lattice
match between specific hydroxyls in the disaccharides and the
water molecules within these ice crystallographic parameters
(37). The regular tripeptide-repeating structure might be
required for the AFGPs to be properly glycosylated and to
position the disaccharides appropriately for ice binding to
occur.
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